1. Introduction {#s0005}
===============

Herpes simplex virus type 1 (HSV-1) is a widespread human pathogen that infects primarily epithelial tissues and causes severe diseases including mucocutaneous lesions in the oral mucosa (cold sores), encephalitis, meningitis, and blinding keratitis ([@b0065]). After an initial infection, HSV-1 spreads to the nervous system and establishes latent infection of neurons in sensory ganglia of the host ([@b0075]). Approximately 80% of the world populations are carriers of HSV-1 and about 40% suffer from recurrent infection ([@b0060], [@b0120]). Current therapeutic drugs against HSV infection are nucleotides, nucleosides or pyrophosphate analogues, such as acyclovir, valacyclovir, penciclovir and famciclovir ([@b0085]). After uptake by virus-infected cells, these drugs are activated by the viral thymidine kinase and inhibit the viral DNA polymerase. However, HSV infection remains a serious challenge because of the viral resistance and side effect ([@b0045], [@b0055]). Therefore, the development of new safe and effective anti-HSV molecules is urgently needed.

Many antimicrobial peptides (AMPs) have been shown to have inhibitory activities against HSV infection. According to the structure characteristics, these peptides are classified into five types: α-helix, β-sheet, cyclic β-sheet, β-turn and extended ([@b0095]). Proposed anti-viral mechanism of α-helix mainly includes cellular target and viral inactivation, including Magainin, Cecropin, Mellitin, LL-37 and Brevinin-1([@b0005], [@b0015], [@b0140]). Two kinds of β-sheet peptides, human and rabbit defensins, were shown to interact with HSV membrane/glycoprotein and cellular targets but not heparan sulfate ([@b0125], [@b0145]). Another β-sheet peptide from frog, dermaseptin, was shown to have potent inhibitory effect when applied to the virus before or during virus adsorption to the target cells ([@b0025]). Two β-sheet peptides tachyplesin and protegrin were proved to have viral inactivating effect ([@b0140]). Cyclic β-sheet peptides such as θ-defensin was shown to bound to gB protein and blocked HSV-1 attachment ([@b0145]). The β-turn peptides lactoferrin (LF) and lactoferricin (Lfcin) are antimicrobial peptides that were found to block HSV entry into Vero cells. LF had no effect against HSV after the virus had entered the cells, while Lfcin exerted anti-viral activity also after the initial binding of the virus to the host cells ([@b0020], [@b0090]). An extended peptide from bovine, indolicidin, showed a direct inactivation effect on cell-free HSV-1 virons by targeting viral membrane/glycoprotein ([@b0015]).

Natural AMPs from scorpion venoms have attracted much attention due to their anti-viral bioactivities. Some of them have been identified as anti-enveloped virus agents in our previous works. The peptide mucroporin-M1 was shown to be virucidal against the measles, SARS-CoV and influenza H5N1 viruses, and it inhibited HBV replication *in vitro* and *in vivo* ([@b0105], [@b0155]). A natural a-helical peptide, Hp1090, was proven to have the property of killing HCV ([@b0135]). Two histidine rich peptides were designed on the molecular template of a short virucidal peptide Ctry2459 and were confirmed to have enhanced bioavailability, which resulted in potent inhibitory effect on HCV proliferation ([@b0080]). Another mutational peptide, Kn2-7, was also effective in inhibiting HIV-1 infection ([@b0035]). These studies indicated that scorpion venom is a rich source of anti-viral peptides. In the present study, we screened and identified two peptides from the venom of scorpion *Heterometrus petersii*, which exhibited effective inhibitory effect on HSV-1 infection.

2. Materials and methods {#s0010}
========================

2.1. Chemical synthesis {#s0015}
-----------------------

The Hp1035, Hp1036, Hp1165, Hp1239, Hp1412, Hp1478 peptides were from the non-amplified cDNA library of *H. petersii* venom gland that was constructed in our previous work ([@b0115]). Peptides were chemically synthesized using the solid-phase synthesis method and amidated at the C-terminus (GL Biochem Ltd., China). The synthetic peptides were confirmed by RP-HPLC and MALDI-TOF-MS (purity \> 95%).

2.2. Cell and virus {#s0020}
-------------------

African green monkey kidney cells (Vero) were grown in minimum essential medium (MEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin sulfate at 37 °C in a 5% CO~2~ incubator. Cells infected with virus were grown in MEM supplemented with 2% serum. To prepare high-titer stocks of HSV-1 (F strain) virus, Vero cells were infected at a low multiplicity of infection (MOI) of 0.1 in a T25 flask (NEST Biotechnology Co. Ltd. China). When the cytopathic effect (CPE) was 90--100%, the infected monolayers were harvested and subjected to three freeze--thaw cycles using a dry ice--ethanol bath, centrifuged at 1,000*g* for 5 min to remove debris, and stored at −80 °C. Viral titers were determined by plaque forming assay on Vero cells.

2.3. MTT assay {#s0025}
--------------

Cells were seeded in a 96-well plate (7000--10,000 cells per well) and cultured at 37 °C for 24 h. A series of concentrations of peptides were added into the medium, and the plate was incubated for at 37 °C for 48 h, at which time 20 μl of MTT solution (5 mg/ml in PBS buffer; Invitrogen) was added to each well, and the plate was incubated at 37 °C for 4 h. The medium was removed, 100 μl DMSO was added, and then the plate was shaken for 20 min at room temperature to completely dissolve the crystal purple formazan. The absorbance was measured at 570 nm.

2.4. Hemolysis {#s0030}
--------------

Freshly obtained human red blood cells were washed three times with HEPES buffer (pH 7.2) by centrifugation for 10 min at 1200*g*. The cells were then resuspended in 0.9% saline and seeded in a 96-well plate with 10^7^--10^8^  cells per well. A series of concentrations of peptides were added and incubated at 37 °C for 1 h. A 0.9% saline solution was used as a negative control, and 0.1% Triton X-100 was used as a positive control. The plate was centrifuged for 5 min at 1000*g*, and the absorbance of hemoglobin released in the supernatant was measured at 570 nm.

2.5. Plaque forming assay {#s0035}
-------------------------

Six-well plates containing Vero cell monolayers with about 85% confluence were infected with virus. After 1 h of absorption at 37 °C, the inocula were removed. Cells were washed three times with phosphate-buffered saline (PBS) and replenished with a maintenance cover layer (MEM with 2% FBS and 0.75% carboxymethylcellulose). After an incubation period of 3 days, the cells were stained with 1% crystal violet containing 10% methanal and the plaques were counted. The viral titer was calculated according to the plaque number and dilution.

2.6. Anti-viral assay {#s0040}
---------------------

Six-well plates containing Vero cell monolayers with about 85% confluence were infected with virus to yield about 60 plaques per well. The anti-viral effects of peptides were determined in the following assays.

### 2.6.1. Viral inactivation assay {#s0045}

Peptides at appointed concentrations were incubated with virus at indicated conditions. At the indicated time, the virus--peptide mixtures were diluted and added to Vero cell monolayers. After 1 h of absorption at 37 °C, the inocula were removed. Cells were rinsed and replenished with cover layer as described above. After 3 days, the inhibitory effects were determined by plaque reduction assay.

### 2.6.2. Cell inactivation assay {#s0050}

Vero cells were incubated with peptides for 1 h at 37 °C, at which time the peptides were removed and the cells were washed with PBS for three times. The peptide-treated cells were then infected with virus at 37 °C for 1 h. Cells were rinsed and replenished with cover layer as described above. After 3 days, the inhibitory effects were determined by plaque reduction assay.

### 2.6.3. Viral attachment assay {#s0055}

Vero cells were cooled at 4 °C for 30 min and peptides were added to Vero cells together with virus at 4 °C for 1 h. At the indicated time the cells were rinsed with PBS for three times and shifted to 37 °C for viral entry. After 1 h incubation, cells were rinsed and replenished with cover layer as described above. After 3 days, the inhibitory effects were determined by plaque reduction assay.

### 2.6.4. Viral entry assay {#s0060}

Vero cells were infected with virus at 4 °C for 1 h, at which time cells were rinsed with PBS for three times and replenished with complete MEM containing peptides. Cells were then shifted to 37 °C for viral entry. After 1 h incubation, cells were rinsed and replenished with cover layer as described above. After 3 days, the inhibitory effects were determined by plaque reduction assay.

### 2.6.5. Postentry assay {#s0065}

Vero cells were infected with virus at 37 °C for 1 h, at which time the cells were rinsed with PBS for three times and replenished with cover layer containing peptides. After 3 days, the inhibitory effects were determined by plaque reduction assay.

2.7. Circular dichroism analysis {#s0070}
--------------------------------

The secondary structure of peptides was measured by circular dichroism (CD) spectroscopy. Measurements were performed in the UV range of 250--190 nm at 25 °C in water and 50% TFE using a Jasco-810 spectropolarimeter, at a concentration of 0.1 mg/ml. Spectra were collected from three separate recordings and averaged after subtracting the blank spectrum of pure water.

2.8. Transmission electron microscopy {#s0075}
-------------------------------------

A large quantity of HSV-1 supernatant was prepared and cleared by differential centrifugation method or passed through a 0.45-μm filter unit. The viral particles in the media were concentrated by ultracentrifugation at 35,000 rpm at 4 °C for 2 h in a Beckman SW41 rotor. The obtained HSV-1 pellets were dissolved in PBS for subsequent studies. Virus was treated with peptides and incubated at 37 °C. Samples were placed on 200-mesh form var/carbon-coated copper grids by dipping the grids into the virus sample solutions. Each sample was then negatively stained by placing a drop of 2% phosphotungstic acid (pH 7, adjusted with NaOH) on the grid. The sample grid was then dried in air for approximately 10 min. Finally, various areas of the grid were examined and photographs were taken from HITACHI H-8100 Transmission Electron Microscope operating at 100 kV.

2.9. Confocal microscopy {#s0080}
------------------------

N-terminus FITC-labeled peptide was added to the cells at a final concentration of 10 μM, and then was incubated at 37 °C. After incubating for the indicated time, cells were washed with PBS, fixed with 4% paraformaldehyde, and washed twice. Cell nuclei were stained with DAPI (diluted 1: 500 in PBS). Cells were rinsed with PBS for three times. The cellular localization of the peptide was analyzed by confocal microscopy.

2.10. Intracellular anti-viral mechanism {#s0085}
----------------------------------------

Vero cells were infected with HSV-1 (moi 0.1) at 37 °C for 1 h. At which time the cells were rinsed with PBS for three times and replenished with medium containing peptide. Infected cells were harvested at 12 and 24 h postinfection and the intracellular viruses were by freeze--thaw method. The intracellular infectivity was determined by plaque forming assay.

2.11. Statistical analysis {#s0090}
--------------------------

Data are expressed as the mean ± standard deviation from at least three separate experiments.

3. Results {#s0095}
==========

3.1. Screening of anti-HSV-1 agents from scorpion venom peptides {#s0100}
----------------------------------------------------------------

Sequence alignments of these peptides were performed using Genedoc software ([Fig. 1](#f0005){ref-type="fig"} A) and showed the typical characters of cationic host defense peptides. The anti-HSV-1 activities of these scorpion venom peptides were determined by plaque reduction assay (PRA) ([Fig. 1](#f0005){ref-type="fig"}B). The result showed that among the six peptides, Hp1036 and Hp1239 exhibited the most effective anti-viral activities. They could significantly inhibit the plaque forming unit (PFU) of HSV-1, with an inhibition rate \> 60% at a concentration of 10 μM ([Fig. 1](#f0005){ref-type="fig"}C). These results indicated that Hp1036 and Hp1239 were the most potential anti-HSV-1 agents, and then they were chosen for further studies.Fig. 1Screening of anti-HSV-1 agents from scorpion venom peptides. (A) Sequence alignments of scorpion cationic host defense peptides. The alignments were performed using Genedoc software. The residues shaded in colors were hydrophilic and the residues without a background color were hydrophobic. (B) Plaque reduction assay of the 6 peptides from the scorpion *Heterometrus petersii*. Peptides with a final concentration of 10 μM were used to screen for the ability to inhibit HSV-1 proliferation in Vero cells by plaque reduction assay. (C) Inhibitory rate of the 6 peptides against HSV-1 proliferation. The plaque numbers were counted and the inhibitory rates were calculated. ACV (10 μM) was used as a positive control.

3.2. Cytotoxic and hemolytic activities of Hp1036 and Hp1239 {#s0105}
------------------------------------------------------------

The cytotoxicities of Hp1036 and Hp1239 peptides on Vero cells were determined using MTT assay. The concentrations of Hp1036 and Hp1239 that inhibited 50% of cell growth (CC~50~) were 46.71 ± 3.80 and 26.15 ± 1.91 μM, respectively. At the concentration of 10 μM, the viability of the peptide-treated Vero cells was greater than 90%, indicating that 10 μM or less peptides was minimally cytotoxic to Vero cells ([Fig. 2](#f0010){ref-type="fig"} A). Thus, this peptide concentration was chosen for further anti-viral studies. Hemolytic assay indicated that the HC~50~ of Hp1036 and Hp1239 peptides were 34.91 ± 0.47 and 33.32 ± 0.96 μM, respectively ([Fig. 2](#f0010){ref-type="fig"}B).Fig. 2Cytotoxic and hemolytic activities of Hp1036 and Hp1239 peptides. (A) Cytotoxic activities of Hp1036 and Hp1239 peptides. Cytotoxic activities of Hp1036 and Hp1239 peptides against Vero cells were measured by MTT assay. The concentrations ranged from 0 to 100 μM. (B) Hemolytic activities of Hp1036 and Hp1239 peptides against human erythrocytes. The concentrations ranged from 0 to 160 μM.

3.3. Hp1036 and Hp1239 block multiple steps of HSV-1 proliferation {#s0110}
------------------------------------------------------------------

Since having shown that Hp1036 and Hp1239 inhibited the plaque forming unit of HSV-1 ([Fig. 1](#f0005){ref-type="fig"}) *in vitro*, we sought to determine the exact step that was blocked by the two peptides. To determine whether Hp1036 and Hp1239 could inhibit HSV-1 infection or replication in Vero cells, 10 μM of each peptide was added to the virus or cells at different times relative to incubation ([Fig. 3](#f0015){ref-type="fig"} A). As shown in [Fig. 3](#f0015){ref-type="fig"}B and C, both Hp1036 and Hp1239 exhibit potent inhibitory activities when added to the virus before infection or added to the cells together with viral attachment and entry step, suggesting an initial inhibitory effect of viral infection. In contrast, they displayed less inhibitory activities when added to the cells 1 h after viral infection and much less inhibitory activities when added to the cells for 1 h and removed before the virus was added. These results suggest that the peptides Hp1036 and Hp1239 could potently inhibit the initial infection of HSV-1, but with less inhibitory activities of the viral replication.Fig. 3Comprehensive antiviral activities of Hp1036 and Hp1239 peptides. (A) Schematic overview of the time of addition experiments. Hp1036 and Hp1239 peptides were added at a final concentration of 10 μM under the following conditions: (i) Viral inactivation assay. Peptides were added to the virus for 1 h at 37 °C, and then the mixtures were used to infect cells for 1 h at 37 °C. The virus-peptide mixtures were removed, and the cells were rinsed and replenished with cover layer without peptide. (ii) Cell inactivation assay. Peptide was added to cells for 1 h at 37 °C and the peptide-treated cells were rinsed before virus infection; (iii) Viral attachment assay. Cells were precooled at 4 °C for 30 min and peptides were added together with virus for 1 h at 4 °C. At the indicated time the cells were rinsed and shifted to 37 °C for viral entry. (iv) Viral entry assay. Virus was attached to cells for 1 h at 4 °C and the cells were rinsed before peptides were added. The cultures were then shifted to 37 °C for viral entry. (v) Postentry assay. Cells were infected with virus for 1 h at 37 °C, at which time the virus was removed. The cells were rinsed and replenished with cover layer containing peptides throughout the experiment. (B, C) Antiviral activities of Hp1036 and Hp1239 peptides in time of addition assay. After 1 h postinfection, all cells were replenished with cover layer and cultured for 72 h, at which time, the inhibitory effects of peptides were determined by plaque reduction assay.

3.4. Viral inactivation activities of Hp1036 and Hp1239 {#s0115}
-------------------------------------------------------

The above results suggest that Hp1036 and Hp1239 peptides have potent inhibitory activities against the initial viral infection. We further determined the detailed viral inactivation activities of them. The inhibitory activities against HSV-1 infection were time-dependent at the concentration 10 μM ([Fig. 4](#f0020){ref-type="fig"} A and B). When treated for 5 min with Hp1036 or Hp1239, the PFU of HSV-1 decreased to about 50%, suggesting a rapid viral inactivating effect. When treated for 1 h, the inhibitory activity against HSV-1 was the most effective. Under this condition, the inhibitory effect on HSV-1 infection was dose- and temperature-dependent ([Fig. 4](#f0020){ref-type="fig"}C and D). The most effective temperature is 37 °C and when treated at 37 °C for 1 h, the 50% effective concentrations (EC~50~) of Hp1036 and Hp1239 were 0.43 ± 0.09 and 0.41 ± 0.06 μM, approximate 106-fold and 63-fold lower than their CC~50~ against Vero cells, respectively ([Table 1](#t0005){ref-type="table"} ).Fig. 4Viral inactivation activities of HSV-1 by Hp1036 and Hp1239 peptides. (A, B) Time-dependent inactivation activities of HSV-1 by Hp1036 and Hp1239 peptides. HSV-1 (60 PFU per well) was incubated with peptides at a final concentration of 10 μM for 5, 15, 30, 60 and 120 min at 37 °C. At the indicated time, the virus-peptide mixtures were diluted and added to Vero cell monolayers. After incubated at 37 °C for 1 h, the cultures were rinsed with complete MEM and replenished with covering layer. (C, D) Dose-and temperature-dependent inactivation activities of HSV-1 by Hp1036 and Hp1239 peptides. HSV-1 (60 PFU per well) was incubated with various concentrations of Hp1036 and Hp1239 at 4, 25, 37 °C for 1 h. The virus-peptide mixtures were diluted and added to Vero cell monolayers. After incubated at 37 °C for 1 h, the cultures were rinsed with complete MEM and replenished with covering layer. After 72 h postinfection, the inhibitory effects were determined by plaque reduction assay.Table 1Pharmacological profiles of Hp1036 and Hp1239 peptides.PeptideEC~50~ (μM)[a](#tblfn1){ref-type="table-fn"} in the following assayCC~50~ (μM)[b](#tblfn2){ref-type="table-fn"}HC~50~ (μM)[c](#tblfn3){ref-type="table-fn"}Viral inactivationViral attachmentViral entryPostentryHp10360.43 ± 0.092.87 ± 0.164.29 ± 0.357.86 ± 0.8046.71 ± 3.8034.91 ± 0.47Hp12390.41 ± 0.065.73 ± 0.614.32 ± 0.478.41 ± 0.7326.15 ± 1.9133.32 ± 0.96[^1][^2][^3]

3.5. Comprehensive anti-viral activities of Hp1036 and Hp1239 {#s0120}
-------------------------------------------------------------

Various concentrations of peptides were added to Vero cells 1 h before HSV-1 infection and the inhibitory effects were determined by plaque assay. As shown in [Fig. 5](#f0025){ref-type="fig"} A, Hp1036 and Hp1239 slightly inhibited HSV-1 infection when preincubated with Vero cells. In addition, Hp1036 and Hp1239 peptides inhibited HSV-1 attachment and entry in a dose-dependent manner, although weaker than their virucidal activities. In the viral attachment assay, the 50% effective (EC~50~) concentrations of Hp1036 and Hp1239 were 2.87 ± 0.16 and 5.73 ± 0.61 μM, respectively ([Fig. 5](#f0025){ref-type="fig"}B), approximate 16-fold and 5-fold lower than their CC~50~ against Vero cells. In the viral entry assay, the 50% effective (EC~50~) concentrations of Hp1036 and Hp1239 were 4.29 ± 0.35 and 4.32 ± 0.47 μM, respectively ([Fig. 5](#f0025){ref-type="fig"}C). Finally, when added 1 h postinfection, Hp1036 and Hp1239 inhibited HSV-1 proliferation with EC~50~ of 7.86 ± 0.80 and 8.41 ± 0.73 μM, respectively ([Fig. 5](#f0025){ref-type="fig"}D). The pharmacological profiles of Hp1036 and Hp1239 peptides were listed in [Table 1](#t0005){ref-type="table"}.Fig. 5Anti-viral activities of Hp1036 and Hp1239 peptides on multiple steps of HSV-1 proliferation. (A) Cell inactivation activities of Hp1036 and Hp1239 peptides. Vero cells were incubated with various concentrations of peptide for 1 h at 37 °C, rinsed, and then infected with HSV-1. (B) Viral attachment inhibitory activities of Hp1036 and Hp1239 peptides. Vero cells were cooled at 4 °C for 30 min. The cultures were then incubated with virus in the presence of various concentrations of peptide at 4 °C for 1 h. The cells were washed and incubated at 37 °C for viral entry. (C) Viral entry inhibitory activities of Hp1036 and Hp1239 peptides. Virus was attached to cells for 1 h at 4 °C, various concentrations of peptide were added, and the cultures were shifted to 37 °C. (D) Postentry inhibitory activities of Hp1036 and Hp1239 peptides. Vero cells were infected with virus for 1 h at 37 °C, rinsed and replenished with medium containing various concentrations of peptide.

3.6. Structure analysis of Hp1036 and Hp1239 {#s0125}
--------------------------------------------

Circular dichroism (CD) analysis was used to analyze the secondary structures of both Hp1036 and Hp1239 peptides. The result showed that the synthetic peptides Hp1036 and Hp1239 both exhibited α-helix structure in TFE ([Fig. 6](#f0030){ref-type="fig"} A and C). When plotted as a helical wheel projection ([Fig. 6](#f0030){ref-type="fig"}B and D), Hp1036 and Hp1239 were divided into two parts: one part was the hydrophobic face, and the other was the hydrophilic face. These data indicated that Hp1036 and Hp1239 are amphipathic peptide molecules.Fig. 6Structure analyses of Hp1036 and Hp1239 peptides. (A) CD spectra of the Hp1036 and Hp1239 peptides. Measurements were performed in the UV range of 250--190 nm at 25 °C in water on a Jasco-810 spectropolarimeter. (B) Helical wheels of Hp1036 and Hp1239 peptides. Helical wheels of Hp1036 and Hp1239 showed the hydrophilic and hydrophobic faces.

3.7. Morphological changes of HSV-1 by Hp1036 and Hp1239 {#s0130}
--------------------------------------------------------

To confirm whether the viral structural integrity was destabilized by the treatment of Hp1036 or Hp1239, we performed transmission electron microscopy (TEM) experiments to monitor the morphological changes of HSV-1. As shown in [Fig. 7](#f0035){ref-type="fig"} , the morphology of untreated HSV-1 virions were mostly integrated, which contains compact envelop (∼200 nm). Treatment by either Hp1036 or Hp1239 significantly changed the structure of HSV-1, including rupture of viral envelop and dissociation of proteins from the virons, generally displayed incompact morphology. These results strongly supported the underlying mechanism of action of Hp1036 and Hp1239 that destabilized the integrity of HSV-1 and inhibited its infectivity.Fig. 7TEM images of HSV-1 before and after treated by Hp1036 peptide or Hp1239 peptide. HSV-1 was treated with Hp1036 or Hp1239 (final concentration, 0.3 mM) at 37 °C for 5 min (left) or 15 min (right) before negatively stained with 2% phosphotungstic acid. Pictures shown are taken from different areas of the sample grid. Scale bar, 200 nm.

3.8. Intracellular anti-viral mechanism of Hp1036 and Hp1239 against HSV-1 {#s0135}
--------------------------------------------------------------------------

To explore the intracellular anti-viral mechanism of Hp1036 and Hp1239 against HSV-1, confocal microscopy was used to investigate whether Hp1036 and Hp1239 peptides could penetrate the cell membrane and enter the Vero cells. As shown in [Fig. 8](#f0040){ref-type="fig"} A and C, FITC-labeled Hp1036 and Hp1239 peptides slightly entered the Vero cells and accumulated in granular structures in the cytoplasm after incubated for 1 h. However, they exhibited a higher amount of cellular uptake after incubated for 24 h, with a dispersed distribution in the cytoplasm. Moreover, when infected cells were incubated with Hp1036 and Hp1239 for 12 and 24 h, the infectivity of intracellular virus significantly decreased ([Fig. 8](#f0040){ref-type="fig"}B and D). These results suggest that Hp1036 and Hp1239 peptides enter the Vero cells and inactivated intracellular viral particles.Fig. 8Intracellular anti-viral activities and mechanisms of Hp1036 and Hp1239 peptides against HSV-1. (A) Cellular localization of Hp1036 and Hp1239 peptides in Vero cells. The cellular localization of Hp1036 and Hp1239 peptides were determined by confocal microscopy after incubation for 1 and 24 h. (B) Intracellular viral inactivation effects of Hp1036 and Hp1239 peptides. Vero cells were infected with HSV-1 (moi 0.1) and Hp1036 and Hp1239 (10 μM) were added at indicated time postinfection. Infected cells were treated for 12 h and 24 h, the intracellular viruses were harvested by freeze--thaw method. The intracellular infectivity was determined by plaque forming assay.

4. Discussion {#s0140}
=============

Currently, various virucidal agents have been identified and they provided a rich source of developing effective anti-viral drugs. But the challenge is how to solve the lack of inhibitory effect on viral postentry step. Inhibition of cell-to-cell spread is important for topical microbicide development because a source of sexual acquisition also may be cell-associated virus ([@b0125]). The derived virucidal peptide, C5A, disturbs the integrity of the viral membrane and exhibits potent virucidal activities against HCV, HIV-1 and HSV-1. It is worth mentioning that C5A has a property of suppressing viral entry and established infection, which differs from common virucidal agents ([@b0030], [@b0040], [@b0050]).

In this study, we screened and identified two new anti-viral peptides from the peptide library of scorpion venom. The peptides, Hp1036 and Hp1239, with potent inhibitory effect on the proliferation of HSV-1 ([Fig. 1](#f0005){ref-type="fig"}), were selected for further analysis. We proved that both Hp1036 and Hp1239 inhibited multiple steps of HSV-1 life cycle ([Fig. 3](#f0015){ref-type="fig"}). At noncytotoxic concentration, Hp1036 and Hp1239 peptides effectively inactivated HSV-1 virons in time-, dose- and temperature-dependent manners *in vitro* ([Fig. 4](#f0020){ref-type="fig"}). Hp1036 and Hp1239 also blocked HSV-1 attachment and entry to Vero cells. It was worthy to be attention that Hp1036 and Hp1239 could prevent viral proliferation in the postentry assay ([Fig. 5](#f0025){ref-type="fig"}).

In the comprehensive anti-viral assay, we found that Hp1036 and Hp1239 induced poor cellular resistance to infection, suggesting that Hp1036 and Hp1239 might not effectively target to cellular components. However, Hp1036 and Hp1239 displayed effective inhibitory activity in the viral attachment and entry stages. According to the time-dependent virucidal experiment in [Fig. 4](#f0020){ref-type="fig"}A and B, the peptides Hp1036 and Hp1239 inactivated more than 40% virus in 5 min and 80% in 15 min, indicating a rapid action mode of Hp1036 and Hp1239. For this property, we can speculate that Hp1036 and Hp1239 may inactivate HSV-1 when they attach to the cell surface and also effectively inactivate the virus that has already bound to the cells but not entry yet.

In our previous studies, a serious of anti-viral peptides from scorpion venom have been identified, such as Ctry2459 ([@b0080]), Hp1090 ([@b0135]) and Kn2-7 \[21\]. These peptides shared the same α-helix structure and similar virucidal activities against enveloped virus. However, they lacked the inhibitory activities when added to the cells after viral infection. This disadvantage badly reduced the medical value of this type of anti-viral peptide. In this study, we found that both Hp1036 and Hp1239 peptides exhibited potent inhibitory effects against HSV-1 proliferation in the postentry assay. Obviously, they are different from the above virucidal peptides, but are similar to the mutant virucidal peptide Ctry2459-H3 ([@b0080]).

The virucidal activities of Hp1036 and Hp1239 mostly depend on the sequence and structure characters. Recent studies had shown that sialic acid on HSV-1 envelope glycoprotein was required for efficient infection and a β-peptide possibly binded to sialic acid, which resulted in inhibitory effect on the infection of HSV-1.([@b0010], [@b0130]) In this study, CD analysis displayed that both Hp1036 and Hp1239 peptides adopted amphipathic α-helix structure in approximate membrane environment, with positive charged amino acids exposed outside the helix wheel ([Fig. 6](#f0030){ref-type="fig"}). Therefore, we can speculate that the peptides Hp1036 and Hp1239 interact directly with viral membranes via binding to the negatively charged sialic acid units on the virus and inactivate the viral particles. Nevertheless, future studies will be needed to identify the target on the virus for Hp1036 and Hp1239.

Transmission electron microscopy has been used to monitor the morphological changes of adenovirus type 5, showing that the conformational changes of the viral proteins result in the destruction of the viral morphology ([@b0150]). In the present study, we also observed the significant structure change of HSV-1, especially the rupture of viral envelop and the incompact morphology of virons ([Fig. 7](#f0035){ref-type="fig"}). This is the first time to show the morphology change of enveloped virus by anti-viral peptides, providing a direction of revealing the mechanism of virucidal drugs.

To find the intracellular mechanism of the inhibitory effect on viral proliferation, we firstly determined the cellular localization of Hp1036 and Hp1239. As shown in [Fig. 8](#f0040){ref-type="fig"}A and C, FITC-labeled Hp1036 and Hp1239 peptides slightly entered Vero cells at 1 h postincubation, but displayed a big amount of uptake and equally dispersed distribution in the cytoplasm after 24 h. Moreover, Hp1036 and Hp1239 had inhibitory activities against intracellular viral infectivity ([Fig. 8](#f0040){ref-type="fig"}B and D). The intracellular mature HSV-1 virions rapidly accumulated to high levels at 12 and 24 h postinfection, at which time the intracellular virucidal activities of Hp1036 and Hp1239 were significantly reflected. Thus, we can conclude that Hp1036 Hp1239 enter the Vero cells, target to the mature viral particles and inactivated them. Previously, we designed two histidine rich peptides with enhanced cellular uptake and advanced intracellular distribution, which resulted in potent anti-viral activities against HCV ([@b0080]). While in the present study, we found two natural peptides with the same properties and anti-viral functions, indicating the diversity of biomolecules from scorpion venom.

Many anti-viral drugs readily lead to the generation of drug-resistant virus variants. For more than two decades, anti-viral drugs targeting to the viral DNA polymerase such as acyclovir (ACV) have been widely used for the treatment of HSV infection. Unfortunately, the extensive clinical use of these drugs has led to the emergence of drug-resistant viral strains.([@b0070], [@b0100]) Using the virucidal peptides such as Hp1036 and Hp1239 for the treatment of HSV infection, the generation of drug-resistant virus variants is likely to be reduced. Amphipathic α-helix peptides, such as Hp1036 and Hp1239, have potent virucidal activity and inhibitory effect on viral proliferation, exhibiting potential medical value for the treatment of viral infection.

Furthermore, because of the advantage of therapeutic alliance, anti-viral strategy became diversification and already achieved remarkable successes. In this way, the virucidal molecules may act as a potential member to participate the therapeutic alliance, with its unique anti-viral pattern. In brief, this kind of membrane-targeting peptides could be combined with drugs that target intracellular components of the viral life cycle. Thus, a virucidal peptide used in combination with protease and/or polymerase inhibitors targeting multiple steps of viral infection cycle would have advantages over single drug therapy in reducing viral titers as well as in suppressing the emergence of viral resistance ([@b0110]).

In summary, the present study revealed for the first time that scorpion venom cationic peptides are indeed effective against HSV-1 infection *in vitro*. The screened peptides Hp1036 and Hp1239 not only exhibited extracellular virucidal activities against HSV-1, but also had potent inhibitory effect when added at the viral attachment and entry steps. The virucidal activities depended on the morphological changes of HSV-1 virons by the treatment of Hp1036 and Hp1239. Their properties of amphipathic α-helix conformation under appropriate membrane environment possibly contributed to their membrane penetrating and virucidal activities, resulting in the intracellular anti-viral effect. Hp1036 and Hp1239 easily entered Vero cells. Naturally, both peptides also inactivated intracellular viral particles and inhibited viral proliferation at the postinfection step. Our work provided a new direction of developing potential biofunctional molecules from animal venoms and opened new avenues for discovering anti-viral agents or sources.
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[^1]: EC~50~ (50% effective concentration) value of HSV-1 was determined on Vero cells.

[^2]: CC~50~ (50% cytotoxic concentration) value of Vero cells was determined by MTT assay.

[^3]: HC~50~ (50% hemolysis concentration) value was determined as described above.
